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The latest crystallographic model of the cyanobacterial photosystem II (PS II) core complex added one transmembrane low molecular weight
(LMW) component to the previous model, suggesting the presence of an unknown transmembrane LMW component in PS II. We have
investigated the polypeptide composition in highly purified intact PS II core complexes from Thermosynechococcus elongatus, the species which
yielded the PS II crystallographic models described above, to identify the unknown component. Using an electrophoresis system specialized for
separation of LMW hydrophobic proteins, a novel protein of ∼5 kDa was identified as a PS II component. Its N-terminal amino acid sequence
was identical to that of Ycf12. The corresponding gene is known as one of the ycf (hypothetical chloroplast reading frame) genes, ycf12, and is
widely conserved in chloroplast and cyanobacterial genomes. Nonetheless, the localization and function of the gene product have never been
assigned. Our finding shows, for the first time, that ycf12 is actually expressed as a component of the PS II complex in the cell, revealing that a
previously unidentified transmembrane protein exists in the PS II core complex.
© 2007 Elsevier B.V. All rights reserved.Keywords: Low molecular weight polypeptide; Photosystem II; Psb30; Thermosynechococcus elongatus; ycf121. Introduction
Photosystem II (PS II) is a multi-subunit complex comprised
of ∼20 different proteins ranging from ∼3 to ∼50 kDa and
several kinds of cofactors such as chlorophyll (Chl) and redox-
active metal ions [1–4]. Crystallographic studies have revealed
the well-organized architecture of the cyanobacterial PS II
complex. The redox-active cofactors and pigments are mostly
arranged in larger hydrophobic subunit proteins such as D1/D2
proteins, intrinsic 43- and 47-kDa Chl-binding proteins (CP43
and CP47, respectively). Besides these proteins, several low
molecular weight (LMW) membrane proteins are integrated
into the cyanobacterial PS II core complex, namely PsbE, F, H,Abbreviations: Chl, chlorophyll; GRAVY, grand average values of
hydropathicity; LMW, low molecular weight; MES, 2-(N-morpholino)ethane-
sulfonic acid; PS II, photosystem II; ycf, hypothetical chloroplast reading frame
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doi:10.1016/j.bbabio.2007.08.008I, J, K, L, M, Tc, X, Y and Z [5]. While PsbE and PsbF are
known as apo-proteins of cytochrome b559, the functions of the
other LMW proteins are unclear. To investigate the function of
these proteins, mutagenetic studies have been performed using
cyanobacteria such as Synechocystis sp. PCC 6803, Thermo-
synechococcus elongatus, Thermosynechococcus vulcanus
(e.g., [6–12]). It is suggested that PsbTc is involved in the
dimerization of the PS II complexes [9] and that PsbX is
involved in the binding or turnover of quinones at the QB site
[12]. However, in many cases, depletion of the corresponding
genes showed only minor changes in photosynthesis and
resulted in a conclusion that they are not essential for the
assembly, biogenesis and function of PS II. Nevertheless, most
of these LMW proteins have been found to be conserved in
many photosynthetic organisms, which suggests that they have
unique functions that are necessary for PS II. Meanwhile, more
distinct phenotypes have been observed in deletion mutants in
higher plants. Indeed, in Tobacco the loss of PsbI affected the
stability of PS II complexes [13] while inactivation of psbJ or
Fig. 1. Polypeptide profile of purified PS II core complexes from the His-tagged
strain (43-H) of Thermosynechococcus elongatus. Numbers on the right
correspond with those in Table 1. The positions of molecular mass standards are
shown on the left. PS II core complexes corresponding to 10 μg Chl were
subjected to electrophoresis. The separated polypeptides were stained with
Coomassie Blue R250.
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pool [14].
The function of these LMW proteins could be closely related
to their localization within the PS II complex. In the crystal-
lographic model of cyanobacterial PS II complexes from ther-
mophilic T. elongatus at 3.5 Å resolution by Ferreira et al. [2]
(London model hereafter), 12 LMW proteins are assigned:
PsbE, F, H, I, J, K, L, M, N, Tc, X and Z. Although PsbN was
tentatively assigned and PsbY was not, the assignment of most
of the other low molecular weight proteins in the crystal
structural model was a considerable achievement. The most
recent crystallographic model of PS II complexes from the same
T. elongatus resolved at 3.0 Å reported 2 years later by Loll et al.
[3] (Berlin model hereafter) confirmed the assignment of ten
LMW proteins (PsbE, F, H, I, J, K, L, M, Tc and Z) in the
London model. A remarkable feature in the Berlin model is the
presence of one additional transmembrane helix. Including this
protein, three LMW proteins (X1, X2 and X3) are not assigned
at the border region of dimeric PS II complexes in the Berlin
model because of its limited resolution. Since PsbN is not a
component of PS II [15], of the known cyanobacterial PS II
components of LMW, the proteins that are not included in their
model are PsbX and PsbY, although PsbX was assigned in the
London model. Accordingly, it is likely that PsbX and PsbYare
two proteins in the Berlin model that remain unassigned. How-
ever, there is still one unassigned unknown LMW protein with
one membrane-spanning region.
To clarify the function of PS II, we set out to find and
determine the missing protein. For this purpose, we purified PS
II core complexes from T. elongatus, the same species as the one
that was used for the crystallization work [2,3], in a highly intact
form [16] and subjected them to polypeptide analyses using a gel
that was oriented to separate LMW polypeptides [17]. A highly
hydrophobic protein of 5.0 kDa, Ycf12, was determined as a PS
II component. The corresponding gene, ycf12 (ycf; hypothetical
chloroplast reading frame), is conserved in many cyanobacterial
genomes. It is also widely conserved in algal chloroplast ge-
nomes including green algae, and chloroplast genomes in land
plants, except for angiosperms. The localization of this novel PS
II component in the crystallographic model is discussed.
2. Materials and methods
2.1. Sample purification
His-tagged PS II core complexes were highly purified from a thermophilic
cyanobacterium, T. elongatus as described in [16]. The purified PS II core
complexes were suspended in a solution containing 50 mM 2-(N-morpholino)
ethanesulfonic acid (MES) (pH 6.5), 10 mMMgCl2, 5 mM CaCl 2, 1 M betaine
and 5% glycerol. The activity of purified PS II core complexes, assessed by a
Clark-type oxygen electrode, was constantly greater than 3000 μmol O2/mg
Chl/h, indicating the integrity of the PS II core complexes. The Chl concentration
was determined using a method described by Porra et al. [18].
2.2. Polypeptide profiling
Polypeptides were separated on a gel containing 18–24% gradient acryl-
amide and 6 M urea in Tris/MES system [17]. After electroblotting onto a
polyvinylidene difluoride membrane as described in [17], polypeptides werevisualized by amido black 10B and subjected to N-terminal amino acid
sequencing using an automatic amino acid sequencer (model PSQ-1, Shimadzu,
Kyoto, Japan). The obtained amino acid sequences were used in BLASTsearches
at CyanoBase [19] (http://www.kazusa.or.jp/cyano/Thermo/index.html) to
identify the polypeptide.3. Results
The PS II core complexes purified from T. elongatus
retained high intactness as was demonstrated by the high
oxygen-evolving activity, which was as high as 3000 μmol
O2/mg Chl/h [16]. Size exclusion chromatography, low
temperature EPR spectrum [16] and a fluorescence emission
spectrum at 77K (data not shown) demonstrated the absence of
photosystem I complexes, the most abundant hydrophobic
protein complexes in cyanobacterial thylakoid membrane.
The highly purified PS II core complexes were subjected to
electrophoresis that could separate polypeptides ranging from
∼3 kDa to over 100 kDa (Fig. 1) [17]. Sixteen polypeptide
bands were clearly separated including LMW polypeptides.
Because of the high resolution in a broad molecular weight
region of our gel system [17,20], many polypeptide bands of
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PS II complexes used in this study were as pure as to yield
crystals (data not shown). All of the major Coomassie-stained
polypeptides below ∼20 kDa, numbered as in Fig. 1, were
applied to N-terminal amino acid sequencing analysis (Table 1).
Other minor polypeptide bands were not suitable for determi-
nation by N-terminal sequencing since their amounts were
significantly low. Using BLAST searches, PsbE, PsbF, PsbH,
PsbI, PsbK, PsbL, PsbM, PsbTc, PsbU, PsbV, PsbX, PsbY and
PsbZ were determined as PS II components (Table 1). PsbU and
PsbV are the extrinsic proteins composing the oxygen evolving
machinery [21]. As was expected, no PS I subunits, or subunits
of cytochrome b6/f and ATPase were found, even though these
complexes have LMW proteins [22–24]. The only polypeptide,
which was detected in our purified PS II core complexes other
than known PS II components, had a N-terminal amino acid
sequence of MGIFNGIIEFLSNIN in Band 2 (Table 1). This
polypeptide was identified as a translated product of the ycf12
gene, one of the ycf genes.
Since band no. 2 contained 3 polypeptides (PsbM, PsbX and
Ycf12; Table 1), the relative amounts could be roughly esti-
mated. Fortunately, both the second residue of PsbX and the
third residue of Ycf12 are Ile. The area of Ile in the chromato-
gram after the third Edman cleavage, which derived fromYcf12,
was ∼60% of that after the second Edman cleavage, which
originated from PsbX. Considering that the yield of residues
from individual polypeptides is variable depending on the
increasing number of Edman cleavage reactions and factors such
as hydrophobicity and the blotting yield of polypeptides, it is
reasonable to assume that the amount of Ycf12 is comparable to
that of PsbX in the PS II complexes.
We also examined the polypeptide composition of PS II
complexes isolated from a different themophilic cyanobac-Table 1
Low molecular weight polypeptide profile of purified PSII complexes from
T. elongatus
Polypeptide N-terminal sequence Identity
1 KLPEAYAIFDPLVDV PsbK
2 MEVNQLGLIATALFV PsbM
TITPSLKGFFIGL PsbX
MGIFNGIIEFLSNIN Ycf12
3 MDxRVLVVLLPVLLA PsbY
4 MEVNxLGLIANALFV PsbM
METITYVFIFAxIIA PsbTc
5 MEPNPNRQPVELNRT PsbL
METLKITVYIVxTFF PsbI
METITYVFIFAxIIA PsbTc
6 TSNTPNxEPVxYPIF PsbF
MEPNPNRQPVELNRT PsbL
MxILFQLALAALVIL PsbZ
7 ARRTxLG PsbH
8 AGTTGER PsbE
9 ATASTEEEL PsbU
10 AELTPEV PsbV
Proteins were identified on the basis of N-terminal sequences according to the
CyanoBase database [19].
The polypeptide numbers correspond to Fig. 1.
x, Unidentified amino acid residue.terium, T. vulcanus, using a method different from that used
for T. elongatus [15]. As a result, one polypeptide, with an
N-terminal amino acid sequence of MGIFNGIIEFLSNIN, was
determined at the same migration length as PsbM [15]. The
amino acid sequence was identical to that of the N-terminal 15
residues of Ycf12 in T. elongatus, confirming that Ycf12 is a
component of PS II.
The gene corresponding to ycf12 is widely conserved in
cyanobacterial genomes and in chloroplast genomes of many
eucaryophyta from Cynophora paradoxa to Pinus thunbergii
(Japanese black pine) (Supplementary information (SI) Fig. 4).
The registered ORF for ycf12 in Synechocystis 6803 in
CyanoBase (sll0047; http://www.kazusa.or.jp/cyano/Synecho-
cystis/) is quite long compared to other ycf12. The length of the
deduced amino acid sequence is 93 amino acids. However, it was
predicted by GeneMark [25] (http://opal.biology.gatech.edu/
GeneMark/) that the ORF would be much shorter than that in
CyanoBase yielding a translated sequence of MELLAALNLE-
PIFQLTFLGLIVLAGPAVVFVLAFRGGDL (39-amino-acid
length) which corresponds to the latter half of the open reading
frame (sll0047) registered in CyanoBase. A similar discrepancy
occurred in Ycf9 (PsbZ) [4] [26]. Accordingly, we used this
sequence in SI Fig. 4.
4. Discussion
The combination of highly active and intact PS II core
complexes purified from T. elongatus [16], whose genome has
been resolved, and a gel system with a high resolution in the
LMW region [17] enabled the identification of Ycf12 as a novel
PS II component. The discovery of a novel subunit raises a
question regarding the topology of this protein within the
structural model of PS II complexes. Our novel PS II com-
ponent was identified in PS II core complexes from the same
species which yielded the crystallographic models of PS II core
complex ([2] (PDB ID: 1S5L, London model) and [3] (PDB ID:
2AXT, Berlin model)). Accordingly, the localization of Ycf12
can be examined on the basis of the crystallographic structure of
PS II and the primary structures of related proteins. In the Berlin
model, there are three LMW proteins (X1, X2 and X3) that
possess one transmembrane helix. Of the known PS II
components, PsbX and PsbY are not included in the model. It
is highly possible that two of those unassigned X1–X3 could be
either PsbX or PsbY. The remaining protein could be attributed
to Ycf12.
The molecular coordinates of the unknown 3 proteins (X1–
X3) in the Berlin model are compared with that of the PS II core
complex of the London model (Fig. 3A, B). The protein X1
designated by the amino acid numbers from UNK1 to UNK31
(31-amino-acid length) in 2AXT (Berlin model) corresponds to
a protein, which is tentatively assigned as PsbN in the London
model (37-amino-acid length; UNK1–UNK37 in 1S5L). The
protein X3 shown by the numbers from UNK50 to UNK92
(43-amino-acid length) in the Berlin model correlates to PsbX
(40-amino-acid length) in the London model. Although the
lengths do not exactly match, we can find a consensus that the
helix of each protein can penetrate the thylakoid membrane only
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present in the London one.
Because of the limited resolution, no distinct side-chain
groups are presented for PsbX in the London model (1S5L).
The corresponding protein X3 in the Berlin model is drawn with
3 benzene rings; the 11th, 12th and 26th amino acids (UNK60,
UNK61 and UNK75) are potentially Tyr or Phe (Fig. 3D). As
well, the backbone of X3 bends significantly at the 6th amino
acid (UNK55), suggesting that UNK55 is Pro. The character-
istic configuration of these amino acids is identical to that of
PsbX; the 4th amino acid is Pro, and the 9th, 10th and 24th are
Phe in mature PsbX (Fig. 2). Ycf12 also has 3 Phe and one Pro,
as with PsbX, but the intervals of the positions of the Phe
residues in Ycf12 do not agree with those in X3 protein
(Fig. 3D). The characteristic arrangement of aromatic amino
acids (Phe or Tyr) is not found in PsbY. The consistency between
the crystallographic structure of X3 and the primary structure of
PsbX suggests that X3 is PsbX, which agrees with the
assignment in the London model. We are aware that two
additional unknown amino acids at the N-terminus and one
additional unknown amino acid at the C-terminus, which were
not expected in the mature PsbX, are shown in the structure of
X3 in the Berlin model. This discrepancy at the N- and C-termini
between X3 and PsbX should be resolved with a future higher
resolution crystallographic model.
The protein corresponding to X1 in the Berlin model is
tentatively assigned as PsbN in the London. Because PsbN is
not a component of PS II [15], the possibility that X1 is PsbN
can be excluded. The protein X1 in the Berlin model carries at
least one benzene ring within the transmembrane helix
composed of 22 amino acids (Fig. 3D). The benzene ring is
positioned at the 22nd amino acid of X1 (UNK22), which is the
5th amino acid from the end of the transmembrane helix. This
aromatic amino acid residue locates after and before several
residues from the position of the big turn, which is assumed to
be due to Pro (Fig. 3A, D). X1 has a C-terminal tail, composed
of 5 amino acids, which is exposed to the stromal space.
Although the length of X1 (31 amino acids) is shorter than that
of translated Ycf12 (46 amino acids), some common aspects can
be found for Ycf12 and X1. One transmembrane helix is
expected in Ycf12 (Fig. 2). Phe is located at the 5th amino acid
from the end of the predicted transmembrane helix, which is the
10th amino acid from the C-terminus (Fig. 2). The length of the
C-terminal region following the predicted transmembrane helix
is 5 amino acids in Ycf12 (Fig. 2). Although no significantFig. 2. Detected N-terminal amino acid sequences of the unknown polypeptide from
sequences of ycf12 (tsr1242), psbX (tsr2013) and psbY (tsl0836) obtained from
underlined letters indicate the hydrophobic transmembrane region, as predicted by tcharacteristics are given in the corresponding protein in the
London model (tentative PsbN), the length from the start of the
transmembrane helix to the C-terminus is 27 amino acids,
suggesting that the length of the C-terminal end exposed to the
stromal space is 5 amino acids (1S5L). These agreements be-
tween the primary structure of Ycf12 and structural information
from crystallographic models support that X1 in the Berlin
model and the corresponding protein in the London one could
be Ycf12. Although PsbY also has one transmembrane helix,
the identity of X1 is more likely to be Ycf12 rather than PsbY.
The possibility that PsbY is a candidate for X1 can be excluded
for three reasons. (1) PsbY has one aromatic amino acid (Tyr)
and two Pro (Fig. 3C), but this Tyr is located in a region that is
expected to be exposed to the stromal/lumenal space (not in the
predicted transmembrane helix part) (Fig. 2). (2) The Tyr in
PsbY is located just after the second Pro. The amino acid
preceding the aromatic amino acid in X1 may not be Pro
because we could not recognize any distinct bending of the
backbone at this point (Fig. 3A). (3) The predicted length of the
N-terminal end exposed to the stromal/lumenal space is very
short compared to that shown in X1 in the Berlin model
(4 amino acids) and the corresponding protein (tentative PsbN)
in the London one (10 amino acids). This third reason might
lead to the assignment to be a protein other than PsbY in the
London model (tentatively PsbN). Accordingly, the remaining
protein, X2 in the Berlin model which is not included in the
London, could be attributed to PsbY. The crystallographic
structure shows two significant bends of the helix at the 10th
(UNK109) and 24th (UNK123) amino acids, suggesting the
presence of Pro at these points (Fig. 3A, D). The mature PsbY
carries Pro at the 11th and 25th amino acids with an interval of
13-amino-acid residues (Fig. 2), thus it likely that X2 is PsbY.
In summary, the discovery of Ycf12 as a component of PS II
allowed us to determine the identity of unassigned LMW pro-
teins in the PS II crystallographic structure. It is highly possible
that X1, X2 and X3 in the Berlin model correspond to Ycf12,
PsbY and PsbX, respectively. Therefore, PsbX in the London
model is PsbX as was originally assigned and the protein
tentatively assigned as PsbN corresponds to Ycf12. PsbY is not
included in the London model. One LMW transmembrane
protein corresponding to X2 (PsbY) is also observed in the
crystallographic model reported by Kamiya and Shen [1],
although it was miss-assigned as PsbX. Some part of the cor-
responding protein (PsbY) might be released during the purifi-
cation process in the London model.Band 2, PsbX and PsbY in Fig. 1. The sequences were compared with translated
CyanoBase (http://www.kazusa.or.jp/cyano/Thermo/index.html). The bold and
he SOSUI program ([31], http://bp.nuap.nagoya-u.ac.jp/sosui/).
Fig. 3. Structures of low molecular weight proteins. A comparison of the transmembrane LMW proteins between the Berlin (A) and the London (B) models. The main
subunits are highlighted: reaction center subunit D1 (light green) and D2 (orange). In the Berlin model [3] (PDB ID: 2AXT), LMW proteins are represented with X1
(UNK1–31) in blue, X2 (UNK100–129) in red, and X3 (UNK50–92) in magenta. In the London model [2] (PDB ID: 1S5L), PsbX and tentatively assigned PsbN are
shown in magenta and blue, respectively. The location of PsbX in the London model corresponds with X3 in the Berlin, and (PsbN) in the London model overlaps with
X1 in the Berlin. Benzene rings of amino acid side chains are colored grey. (C) Amino acid sequences of mature Ycf12, PsbX and PsbY. Aromatic amino acid residues
(Phe and Tyr) and Pro are indicated in red and blue, respectively. (D) Diagrams of unassigned proteins in the crystallographic model in the Berlin model [3]. Protein
names of X1, X2 and X3 are those used in [3]. UNK numbers are the amino acid numbers used for unassigned proteins in the crystallographic model 2AXT. The
numbers in black ovals are those of proteins ordered from the N- to C-termini. The black squares show the transmembrane region of proteins with amino acid lengths
given in brackets. Amino acids with a benzene ring, which can be Phe or Tyr, are drawn with benzene rings. Red ovals indicate amino acids that may be responsible for
backbone bending.
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SI Fig. 4 are between 37 and 46 amino acids with molecular
weights ranging from 3777 in Synechococcus sp. WH 8102 to
5037 in T. elongatus (SI Fig. 5). In these cyanobacterial Ycf12,
the calculated pI shows the acidic feature of this protein, with the
exceptions of Gloeobacter violaceus PCC 7421 (pI=11.7) and
Synechococcus WH8102 (pI=8.52). The lengths of Ycf12 in
eucaryophyta shown in SI Fig. 4 are somewhat shorter than thoseof cyanobacterial Ycf12 (33–36 amino acids, mostly 33 amino
acids), and with smaller molecular weights (mostly ∼3500, SI
Fig. 5). The calculated pI values indicate their alkaline features;
however, in some species the pI values are in the acidic range;
e.g., 3.8 inOltmannsiellopsis viridis and 5.8 in Chlamydomonas
reinhardtii. Considering that there are such variable pI values,
the polypeptide nature associated with their pI values may not
contribute greatly to function. This might be related to the
1274 Y. Kashino et al. / Biochimica et Biophysica Acta 1767 (2007) 1269–1275topological environment surrounded by hydrophobic proteins in
PS II complexes and lipids in thylakoid membranes. The grand
average values of hydropathicity (GRAVY) [27] of translated
Ycf12 in organisms shown in SI Fig. 4 are significantly higher;
e.g., from 0.94 in G. violaceus to 1.69 in O. viridis (SI Fig. 5).
These high GRAVY values indicate the highly hydrophobic
characteristics of Ycf12 related to the conserved single trans-
membrane region.
It is interesting that ycf12 is not present in the chloroplast
genome of angiosperms (SI Fig. 4, and e. g., [28]). No homo-
logous genes were found in the genomes of Arabidopsis
thaliana and Oryza sativa. Among cyanobacteria, three Pro-
chlorococcus marinus strains (strain SS120, MED4 and
MIT9313), whose genomes have been resolved, do not carry
ycf12. To confirm that Ycf12 is not included in PS II complexes
in angiosperm, we investigated the polypeptide composition of
PS II complexes isolated from spinach with [29] or without [30]
light-harvesting complexes, and could not detect a protein
similar to Ycf12 (data not shown).
In the present work, we could not detect PsbJ. As well, in PS
II complexes isolated from T. vulcanus, PsbJ was not detected by
N-terminal sequencing [15]. In PS II complexes purified from a
cyanobacterium, Synechocystis 6803, PsbJ was not clearly
stained by Coomassie Blue [4]. Since PsbJ has been assigned in
crystallographic models [1–3], it is presumed that its low
blotting efficiency or low stainability prevented its detection by
N-terminal sequencing.
In conclusion, Ycf12, as found in this work, is the last piece
needed to assemble the crystallographic model of PS II core
complexes [3]. We propose to designate Ycf12 as Psb30. Our
findings here should help promote structural and functional
investigations of PS II core complexes.
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